The generalized layout optimization method is applied to nonlinear problems. The algorithm was originally invented by BendsCe and Kikuchi (1988), where an admissible design domain is assumed to be composed of periodic microstructures with tiny cavities; the sizes and the rotational angle of the cavities are defined as design variables which are optimized to minimize the applied work. The macroscoic material tensor of the porous material is calculated by the homogenization method for the sensitivity analysis. In order to apply it to nonlinear problems, we present a 2-D database of the material tensor calculated by the elasto-plastic homogenization method and an interpolation technique of the database for the practical computation. Several numerical examples of 2-D structures and a thin shell are shown to demonstrate the effectiveness of our algorithms. The algorithm is also extended to the finite deformation problems, and a practical optimized design is exhibited.
Introduction
The generalized layout optimization method, proposed by Bendsce and Kikuchi (1988) , can determine the optimal design for the topology and shape problems. In this method, periodic microstructures with rectangular cavities are assumed in the admissible domain; the sizes and rotational angle of the cavities are specified as the design variables to minimize the applied work. For the sensitivity analysis, the macroscopic material tensor of the porous material is computed by the homogenization method presented by Lions (1981) , and Guedes and Kiknchi (1990) .
Several optimized designs of the elastic structures compuled by the method were exhibited by Suzuki and Kikuchi (1991) . The algorithm was applied to the elastic shell by Suzuki and Kikuchi (1992) and extended into dynamic problems by Diaz and Kikuchi (1992); Ma et al. (1993 Ma et al. ( , 1995 . Yuge and Kikuchi (1995) developed the optimization for a frame structure subjected to a nonlinear deformation, where the elasto-plastic homogenization method formulated by Terada et el. (1995) ; Terada et al. (1996) was used.
In this paper, the generalized layout optimization method is applied to 2-D structures and a thin shell subjected to plastic deformation. Firstly, the main idea of the optimization is briefly discussed. In order to apply the method to nonlinear problems, a database of the macroscopic material tensor is presented using the elasto-plastic homogenization method and its interpolation technique is proposed for the sensitivity analysis. It is shown by numerical examples for 2-D problems that the plastic collapse load of the optimized structure becomes much higher than that of the initial design. It is also exhibited that the optimized designs for nonlinear and linear problems are different from each other. Secondly, our method is applied to a thin shell and a numerical example is demonstrated. The numerical example displays that the optimal material distribution is determined to sustain plastic deformation in the whole admissible design domain. Finally, the method is applied to the finite deformation infinitesimal strain problems, and a practical design of the reinforcement member of a structure is presented to demonstrate the effectiveness of our algorithm.
Algorithm
In this section, the main idea of the generalized optimization method is briefly explained. Then application to twodimensional nonlinear problems is presented.
Main idea of the optimization
Suppose an admissible design domain is composed of periodic microstructures with cavities, as shown in Figs. la and b. Boundary conditions and applied loads are given to the macroscopic structure. After the sensitivity analysis, the carity sizes and the angles of the microstructures are determined to increase the stiffness of the macroscopic structure. That is to say, the cavity sizes are reduced in areas with high strain energy density and increased in areas with low strain energy density; the angles are rotated to the same angles of the principal stresses, as shown in Figs. lc and d , respectively. After l the iteration for the optimization, we can obtain the microscopic and the macroscpic layouts simultaneously, as depicted in Figs. lb-d . For the sensitivity analysis, the macroscopic material tensor for the porous material is computed by the homogenization method. For the practical calculation of nonlinear problems, we construct the database of the material tensor and present the interpolation technique.
In this paper, a size of the cavity (l-a) and a rotational angle of the microstructures 0 are defined as design variables assuming microstructures with square cavities, square-type microstructures, as shown in Fig. 2a . Not requiring the third parameter (l-b) in rectangular-type microstructures presented by Bendsee and Kikuchi (1988) , as shown in Fig. 2b , carries a great advantage for making the database of the homogenized material tensor. If linear elastic problems are assumed, triangular-type microstructures, as shown in Fig. 2c , have more of an advantage since they have isotropy and require the only parameter (l-a). But it was shown by Yuge and Kikuchi (1996) that the isotropy disappeared when plastic deformation was applied. In addition, Yuge et al. (1997) exhibited that the ultimate strength of the optimized design with triangular-type microstructures was slightly less than that with square-type microstruetures. Therefore, we employ square-type microstructures and design variables are (l-a), and O. The optimization problem with constraints is defined as minimize F subjected to h < O, a_ G a i G -d . (
External work done by the applied load is defined as an objective function F, expressed by In (2), f denotes the external force vector, u represents the displacement vector, Au indicates the incremental displacement by the applied force increment, j expresses the j-th load-incremental step, and Nstep means the total number of the load-incremental steps. Bendsee et al. (1993) interpreted that the objective function F is minimized when a prescribed force is given to the structure, and it is maximized when a prescribed displacement is applied. The constraint of the total amount of material, h, is expressed by h= f{1-(,-<,)'} = ,f?
In (3), a i represents the parameter of the cavity size, which is determined as a constant value in an element; subscript i means element number; NE denotes the total number of the global elements; a'20 expresses the total volume of the material which can be used in the admissible design domain /2. The minimum and the maximum value of a i are expressed by a_ and ~ (i.e. a=O,~ = 1.0). The Lagrange function for the constrained optimization problem is defined as
(4)
